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Abstract 
This study introduces a new concept on solar thermal energy driven liquid desiccant based dew point cooling system that 
integrates several green technologies; including photovoltaic modules, polyethylene heat exchanger loop and a combined liquid 
desiccant dehumidification-indirect evaporative air conditioning unit. A small scale experimental prototype was developed and 
tested to investigate the performance of the proposed system and influence of the various parameters such as weather condition, 
air flow and regeneration temperature. A cost effective, easy-to-make polyethylene heat exchanger loop was employed 
underneath PV panels for heat generation. In addition, a liquid desiccant enhanced dew point cooling unit was utilized to provide 
air conditioning through dehumidification of humid air and indirect evaporative cooling. The experimental results show that the 
proposed tri-generation system is capable of providing about 3 kW of heating, 5 kW of cooling power and 10 MWh/year power 
generation, respectively. 
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1. Introduction 
Utilization of sunlight for cooling is a long-sought goal. As the demand for cooling is proportional to the solar 
intensity, thus the time of peak cooling need coincides with the time of maximum resource occurs. Heat-activated 
systems that mainly driven by heat input from solar thermal energy have been introduced allowing simultaneous 
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production of heat and cooling/refrigeration [1]. Compared to the conventional vapour compression systems, 
thermally driven air-conditioning technique would be an effective alternative in terms of increasing primary energy 
savings with less power consumption and therefore less greenhouse gas emissions and hazardous materials and 
pollutants depleted to the environment [2].  
Combining solar power and a liquid desiccant cooling system can provide cooling demands for residential and 
building applications in addition to thermal comfort and indoor air quality. Although substantial studies have been 
performed, regeneration heat captured by such a unique heat exchanger loop with PV modules has yet to be 
considered. In this study, the performance of the liquid desiccant cooling system with polyethylene heat exchanger 
loop unit driven regenerator unit is experimentally investigated.  
 
Nomenclature  
Aeff  Effective area, m² Ȝ             thermal conductivity, W/mK 
C    Specific heat  
Di   inner diameter of heat exchanger tube, m Subscripts 
Do   outer diameter of heat exchanger tube, m a             air 
e     percent deviation  
F    Fin efficiency abs         absorber layer (PV cell) 
F’   Flat plate collector efficiency factor c             cover layer 
g     gravitational acceleration, m/s² cv           convective 
h     heat transfer coefficient, W/m²K db          dry bulb 
I      incident solar radiation, W/m² dp          dew point 
K    Thermal conductivity, W/mK e             electrical 
L     cubic root of dwelling volume, m3 f              fluid 
m    variable defined to solve differential equations hein         inner wall of heat exchanger 
M    Mass, kg heo          outer wall of heat exchanger 
ۦ   Mass flow rate, m/s heo, hein  outer wall to inner wall of heat exchanger 
Q     Energy, W hein, w     inner wall of heat exchanger to water   
T      Temperature, °C in             inlet 
U     Thermal transfer coefficient, W/m²K l               loss 
W     Distance between tubes, m o              overall 
V     Wind speed, m/s p              pipe 
Greek Letters pl             EVA plastic back of a PV module 
Į      absorption pv, heo     PV cell layer to outer wall of heat 
ȕp     temperature coefficient for PV efficiency, °C- rd             radiative 
ȕs       tilt-angle of PV panels, ° rs              reference situation 
į       thickness, m s               sky 
ڙ       emissivity sa             supply air 
Ș        efficiency, % t                thermal 
ࢼ       Stefan-Boltzmann constant, W/m2K4    tl, heo       tile to outer wall of heat exchanger 
ڴ        transmittance     v                vapour 
v         kinematic viscosity, m²/s w              water 
ȡ         density, kg/mಢ wb            wet bulb 
ȟ         packing factor  
2. System structure 
The operation of the system is divided into three main processes; roof, dehumidification and cooling parts. A 
polyethylene heat exchanger is employed to capture heat from solar PV system to supply regeneration heat to 
regenerate the dilute desiccant solution. The desiccant cooling unit utilized in this system can provide thermal 
comfort and good indoor air quality through the desiccant dehumidification. An indirect evaporative cooling unit is 
also integrated with the liquid desiccant dehumidification unit to supply supplementary cooling effect to fulfil the 
cooling demands. The overall configuration of the combined system is presented in Fig. 1. 
  
 Mahmut Sami Buker and Saffa B. Riffat /  Energy Procedia  91 ( 2016 )  717 – 727 719
 
 
 
 
 
 
 
 
 
 
 
3. System setup 
3.1. Roof part 
Building integrated photovoltaic thermal (BIPVT) systems, inherently, have potential to appear as a major source 
of renewable energy on the roof top of a building to co-generate electrical and thermal energy required for domestic 
needs [3]. Polyethylene heat exchanger as a concealed heat extraction component without damaging original 
configuration of PV modules represent an effective solution to fulfil pitfalls and practical limitations of the existing 
systems. Moreover, polyethylene heat exchanger propitiously blends into its surroundings free from any ‘add-on’ 
appearances and has a dual function as absorbing heat and passively cooling of photovoltaic modules via extracting 
waste heat from solar panels.  
The method and mathematical equations presented in this study, are not necessarily the most accurate available; 
but they are widely applied, easy to use and adequate for most of the design computation. A modelling program, 
incorporating location dependent radiation data, PV collector data, liquid desiccant dehumidification and dew point 
cooler data was developed and put in use. Some of the governing equations as follows;  
Incoming solar energy initially absorbed by the PV cells can be expressed as: 
IAQ effabscabs  DW                                                                                        (1) 
The part of incoming solar energy is used to generate power energy by silicon cells, partly carried through the heat 
exchanger and the rest is dissipated to the ambient due to temperature difference between solar module and 
atmosphere. So, the loss can be expressed: 
)()()()( 4444 heoplplheoplairsccaccvl TTTThTTTThQ  VHVH                 (2) 
Combination above equations can provide a revised expression of the useful heat energy (Qt):                                               
labst QQQ                                                                                                                                             (3) 
Following empirical relation can estimate the PV cover temperature (Tc) [4]: 
)25(14.1)300(0175.030  ac TIT                                                       (4) 
The parameter (TPV)eff is considered to correspond to the PV module temperature in terms of operating conditions of 
PV/T systems. Thus, for the proposed system, (TPV)eff is given by [4]: 
)()( / aTPVceffPV TTTT                                                                                                       (5) 
McAdam’s widely used convective heat transfer coefficient of the ambient air in solar collector theory:                                 
Vhcv  8.37.5                                                             (6) 
The sky temperature as a function of the ambient temperature can be obtained by Swinbank’s equation:                                            
aT
as TT 32.0037536.0
5.1                                                                               (7) 
Fig. 1. System structure 
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Where hrd1 and hrd2 are the radiation heat transfer through front and rear side of the collectors, respectively and given 
by: 
)( 441 sccrd TTh  VH                                                                                         (8)
)( 442 heoplplrd TTh  VH                                                                        (9) 
The associated convective heat transfer coefficient, hair, assuming a natural convective stagnant air layer between the 
PV module and heat exchanger can be expressed as [5]: 
air
air
air
KNuh
G

 
                                                                                                                                     (10)
 
Where thermal conductivity of air is Kair and thickness of the air layer between PV and heat exchanger is įair , 
respectively. Then Nusselt number can be given by [6]: 
3/1)
90
(017.006.0 GrNu s »¼
º
«¬
ª  
E
                                                                                                         (11)    
Then, Grashoff number is given by [6]: 
airair
airheopl
TV
TTg
Gr


 2
3)( G
                                                                                                                           (12)     
 
In addition, instantaneous thermal efficiency of the roof unit is given by:                                                                                                                        
IA
Q
eff
t
t 
 K                                                                                                                                                  (13)                      
Under natural convective air layer between PV module and polyethylene heat exchanger which is also measured, 
conductive effort, again, takes place between aluminium layer and heat exchanger wall and then, heat is eventually 
introduced to the water. The heat gain of water is as equal as the useful heat energy itself and is given by:                                      
)( wabstefft TTUAQ                                                                                                                         (14) 
Overall heat transfer coefficient between PV cell and water can be expressed as:                                                                                                     
11
,
1
,
1
,
1
, )(
  wheinheinheoplabsabsct UUUUU                                                                                                                                  (15) 
Heat transfer coefficient (Uc, abs) from cover to PV cell layer (absorber) can be expressed as: 
c
c
abscU G
O
 ,
                                                                                                                                            (16)
 
Then, average temperature at the absorber (cell layer) becomes: 
absceff
t
cabs UA
QTT
,
 
                                                                                                                            (17)
 
Heat transfer coefficient (Uabs, pl) from PV cell (absorber) to the EVA plastic layer is given by: 
abs
abs
plabsU G
O ,                                                                                                                                                (18) 
The temperature at the outer wall of the polyethylene heat exchanger is given by:                                                                                                   
plabseff
t
abspl UA
QTT
,
                                                                                                                            (19)                      
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Heat transfer coefficient (Uheo, hein) from outer wall to interior wall of heat exchanger is given by [6]: 
»
¼
º
«
¬
ª
 
i
o
he
heinheo
D
D
U
ln
2
,
OS
                                                                                                                                    (20) 
The average temperature at the inner wall of polyethylene heat exchanger is given by [6]:                                                                            
heinheoeff
t
heohein UA
QTT
,
                                                                                                                       (21)                     
Heat transfer coefficient (Uhein, r) from interior wall of heat exchanger to the water is given by: 
i
rr
whein D
NuU O ,                                                                                                                                        (22) 
Where Nusselt number, for such a smooth conduit case, is given by [7]:                                                                              
4.08.0 PrRe023.0 rrrNu                                                                                                                          (23)              
Stating the expressions by: 
GK
Um t 2                                                                                                                                                      (24) 
Then, the fin efficiency factor (F) can be given as:  
2
2
tanh
o
o
DWm
DWm
F


                                                                                                                                      (25) 
The flat plate collector efficiency (F’) then becomes: 
FDWD
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The flow rate factor (FR) is given as: 
»
»
¼
º
«
«
¬
ª
¸
¸
¹
·
¨
¨
©
§ c

c
 
f
teff
teff
f
R Cm
FUA
FUA
Cm
F


exp1                                                                                              (27) 
The mass flow rate ( m ) of water is calculated for the measured experimental values of average solar intensity 
(761.54 W/m²), and outside temperature (37°C) for the test period. Given values are used to evaluate the water 
temperature and solar cell temperature of the PV modules for validation.  
The overall configuration of the solar assisted liquid desiccant cooling system is presented in Fig. 1 with various 
system components. The system has three main loops; polyethylene heat exchanger loop, dehumidification loop and 
cooling loop. The proposed roof system consists of polyethylene heat exchanger loop underneath PV modules to 
form a PV/Thermal roof collector. The complete roof structure has several layers, an outer cover; a layer of 
photovoltaic cells beneath the cover; EVA plastic layer at the back of PV adjacent to the PV cells layer, 
polyethylene heat exchanger and roof support. Fig. 2 illustrates the buildup for the polyethylene heat exchanger 
system. As the heat exchanger is loosely contacted with the corrugated roof, any radiative exchange would be 
miniscule and thus disregarded. 
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The PV solar collectors absorb a greater proportion of incoming solar radiation on the PV cell surface, while 
dissipating remainder to ambient as waste heat. From top to bottom, a transparent and thermally resistant outer cover 
enables to reduce dissipation and secures that maximum solar radiation reaches the photovoltaic cells. Meanwhile, 
the temperature of the cell layer needs to be lowered so as to facilitate the solar power conversion efficiency of PV 
panels. Heat flows from ambient to the photovoltaic cells in case of lower temperature of cell surface. Thus, 
adjusting circulating water temperature at a lower range helps to reduce the cell surface temperature to some extent. 
Although first-of-its-kind polyethylene heat exchanger, due to its physical structure, is loosely adhered to the rear 
surface because of the aluminium frame of the PV modules, less flexible pipes and risers, relatively low temperature 
difference between the cell surface and circulating water is expected. Furthermore, the physical structure of the poly 
heat exchanger prevents the use of thermally conductive adhesives due to uneven contact to the rear of PV modules. 
Consequently, any decrease in the cell temperature will collaterally enhance both power and thermal efficiencies.  
3.2. Liquid desiccant dehumidification unit 
The desiccants are either natural or synthetic materials having the ability of absorbing or adsorbing moisture 
through water vapor pressure difference between the ambient air and the desiccant surface. They could be solid, 
either polymer sorbent or porous material as silica gel and zeolite, liquid solution as lithium bromide solution and 
lithium chloride with water, etc.…, [8]. In terms of energy consumption, desiccant air conditioning systems 
consume less than a quarter of energy comparing to its counterparts; conventional vapour-compression systems [9]. 
Therefore, liquid desiccant dehumidification systems require lower regeneration and have advanced utilization 
flexibility and low pressure drop on air side [10]. In this experimental study, environmentally friendly, relatively 
less corrosive, lower cost, lower density and viscosity potassium formate (HCOOK) solution was utilized as a liquid 
desiccant. 
The performance evaluation of the liquid desiccant air-conditioning system is based on two main parameters, the 
enthalpy and humidity effectiveness. The humidity, also called moisture, effectiveness is the ratio of actual change 
in air humidity to the maximum change capacity and can be computed both for the regenerator and dehumidifier 
units by: 
eqina
outaina
w ww
ww


 
,
,,H                                                                                                                                 (28) 
Weq represents the condition for when air humidity ratio at the interfacial area in equilibrium with the liquid 
desiccant solution, in kgH2O/kgair. This moisture content is the minimum level for ideal air dehumidification and is 
calculated based on partial vapour pressure of the desiccant solution, PV by [2]: 
  
V
V
eq P
Pw
u
 510013.1
62197.0                                                                                                            (29) 
Similarly, the enthalpy effectiveness (or combined heat and mass transfer effectiveness) is defined as the ratio of 
actual air enthalpy change to the maximum change capacity in ideal conditions and can be calculated from sensible 
                  Fig. 2. Integration of the poly heat loop underneath PV modules 
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effectiveness, latent effectiveness, and the ratio of latent to sensible energy differences across the unit (e.g., 
dehumidifier and regenerator). It is given by: 
 
eqina
outaina
h hh
hh


 
,
,,H                                                                                                                                   (30) 
where heq, J/kg, refers to equilibrium state of air enthalpy with the liquid desiccant solution and can be calculated in 
terms of air humidity ratio with air temperature equal to the liquid desiccant solution. The liquid desiccant 
dehumidification units utilized in the experimental setup is shown in Fig. 3. 
                              
Fig. 3. the dehumidifier and regeneration unit and indirect evaporative cooler 
3.3. Indirect evaporative cooler 
Indirect evaporative cooling systems, or dew point coolers, aim to reduce air temperature under the wet bulb 
temperature versus inlet air dew point temperature by using modified heat and mass exchanger configurations, 
techniques and designs. The indirect evaporative cooler used in this study is shown in Fig. 3. 
The entire cooling capacity of the indirect evaporative cooling unit can be obtained by: 
 sainsacool hhmQ                                                                                                                            (31) 
As widely known, the indirect evaporative cooler coefficient of performance is the ratio of the overall cooling 
capacity to the electric power consumed during the operation. In dew point cooler case, there are two equipment that 
consume the overall electric power, water circulation pump to run the water from water tank to the distribution 
nozzles  and air supply fan. Then, COP of the system is given by: 
coolerelec
cool
coolerev W
QCOP
,
.                                                                                                                           (32) 
The indirect evaporative cooler unit effectiveness can be evaluated by two important parameters, dew point 
effectiveness and wet bulb effectiveness and are given by: 
dpindbin
dbsadbin
dp TT
TT
,,
,,


 H                                                                                                                               (33) 
wbindbin
dbsadbin
wb TT
TT
,,
,,


 H                                                                                                                                  (34)  
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4. Results and discussion 
The wind speed was observed over the course of test to detect the heat flow rate through natural convection 
between the PV panels and ambient air, and was measured as 1.2 m/s in average. Also, average solar radiation data 
during the day and outside air temperature were found to be 761.5 W/m²and 37.2 °C, respectively. During the series 
of test sessions, no working fluid leakage was observed both in the roof and cooling units.  
Fig. 4a presents the hourly variations of effective PV module temperature (TPV)eff, and water temperature Tw with 
the ambient temperature, Ta and incident solar radiation, I.  It is shown that the PV module temperature throughout 
the operation remains higher than the water temperature as expected. The increase in water temperature circulating 
through the heat exchanger reaches up to 16°C throughout the testing. Fig. 4b illustrates the degree of polyethylene 
heat exchanger influence over the electric power conversion efficiency of the PV modules, Șpv. For with 
Polyethylene HE case, the increase of cell efficiency as a result of passive cooling off via water circulation would 
lead to an increase on power conversion efficiency, Șpv. On the other hand, higher cell temperature would cause a 
substantial decrease on the cell efficiency, Șpv. Nevertheless, it was found that for both cases examined in this study, 
the cell efficiency, Șpv is always better off with Poly HE case than without Poly HE case. This implies that from the 
viewpoint of the first law of thermodynamics, the “with Poly HE” case would be a better choice for PV systems to 
enhance the overall energy output of PV panels. Fig. 4c shows the variation of useful heat through circulating water 
with a mass flow rate of 0.0493 kg/s. The useful heat generated by the polyethylene heat exchanger roof unit ranges 
between 2.23 kW and 4.33 kW for the given test period. 
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Fig. 4. a) Hourly variation of PV, ambient, water temperatures and incident solar radiation b) effect of poly HE on power conversion efficiency c) 
Useful heat gain 
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Fig. 5a presents the dehumidifier wet-bulb effectiveness and change in wet-bulb temperature accordingly. Based 
on the experimental results, the maximum wet-bulb effectiveness was found to be at around 55% and the variation 
of wet-bulb temperature was found to be in the range of 18°C -24°C. In addition, Fig. 5b presents the cooler COP 
calculated using the experimental data recorded in accordance with each fan speed setting. The COP is calculated as 
the ratio of cooling capacity delivered over the electrical power consumption of each fan and pump employed in the 
unit. It is illustrated that COP of the unit and inlet air flow rate vary in inverse proportion to one another. The 
maximum COP of 12.1 is noted at the minimum blowing rate of 300m³/h and the minimum COP of 6.3 at 1500m³/h.   
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Fig. 5. a) Variation in wet-bulb effectiveness of the dehumidifier b) Indirect Evaporative Cooler COP at different fan settings 
Fig. 6a introduces the air temperature variation across the dehumidifier and indirect evaporative cooler. The 
temperature of the air inlet to the dehumidifier is ranged from 27.5°C to 34.5°C and the average temperature drop 
across the dehumidifier and cooler units is around 4.5°C and 7.5°C, respectively. Also, average air temperature at 
the outlet of the cooler is about 19.45°C. One can conclude that substantial ratio of temperature drop (nearly 2:3) 
takes place across the cooler. Moreover, Fig. 6b presents the change in relative humidity across the dehumidifier and 
cooler units. The process air has the mass flow rate of 0.099 kg/s and liquid desiccant flow rate is around 3 l/min. 
According to the experimental data, the range of air relative humidity at the dehumidifier inlet was between 78.1% 
and 83.5% and average drop in relative humidity across the unit was found to be 25.7%. At inlet and outlet of the 
cooler, the average relative humidity ratios were noted as 55.78% and 60.44%, respectively. Fig. 6c illustrates the 
comparison and variation of cooling capacities both for only cooler and combined dehumidification-cooler unit. The 
maximum cooling capacities delivered by only cooler and the combined unit were 881 W and 6673 W, respectively. 
The experimental data proves that the main contribution to the overall cooling capacity belongs to the liquid 
desiccant based dehumidification unit during the operation of the combined dehumidification-cooling system. 
726   Mahmut Sami Buker and Saffa B. Riffat /  Energy Procedia  91 ( 2016 )  717 – 727 
Time (min)
0 100 200 300 400 500
Te
m
pe
ra
tu
re
 (°
C
)
0
10
20
30
40
T_Dehumidifier Inlet (°C)
T_Cooler Inlet (°C)
T_Cooler Outlet (°C)
  Time (min)
0 100 200 300 400 500
R
el
at
iv
e 
H
um
id
ity
 (%
)
20
30
40
50
60
70
80
90
RH_Dehumidifier Inlet (%)
RH_Cooler Inlet (%)
RH_Cooler Outlet (%)
 
(a)                                                                      (b) 
Time, mins
0 100 200 300 400 500
C
oo
lin
g 
C
ap
ac
ity
 (W
)
0
1000
2000
3000
4000
5000
6000
7000
Indirect Evaporative Cooler cooling capacity
Overall cooling capacity
 
        (c) 
Fig. 6. Variation of a) Air temperature b) Relative Humidity c) Cooling capacity across the combined dehumidification-cooling unit 
5. Conclusion 
In this communication, the integration of innovative building integrated solar thermal collector with a pilot scale 
combined cooling system was introduced and preliminary findings were presented. A low cost polyethylene heat 
exchanger loop unit underneath the PV modules was built and tested utilizing solar energy as a heat source and 
employing water as an environmentally friendly working fluid. Also, a liquid desiccant enhanced indirect 
evaporative cooling system was built up and tested experimentally including a liquid desiccant based dehumidifier 
and a dew point evaporative cooler with a cross-flow core. Based on the experimental findings recorded, water 
temperature flowing through the tubes and risers of polyethylene heat exchanger loop could reach up to 35.5°C 
subject to outside parameters, mostly affected by air temperature and global solar radiation. Thus, experimental data 
prove that polyethylene heat exchanger loop can function efficiently as a heat extraction component for solar 
assisted heating and cooling systems. Overall power efficiency data show that PV modules can improve power 
energy performance by 10.7 % due to achieved collector cooling as the cold water flow forms passive cooling effect 
and partially removes the waste heat from PV modules. Hence improved performance of the photovoltaic systems 
help to mitigate the energy supply issues and contribute to the CO2 reduction towards a sustainable environment. 
More, waste heat removal away from the PV panels is likely to enhance life cycle of the solar collectors since high 
operating temperatures may shorten the life-span. The validation of the thermal model for the roof part was 
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performed by comparing the experimental results with the estimated data. The comparison shows that theoretical 
model makes a fair agreement with the experimental results obtained. In addition, the proposed tri-generation 
system is capable of providing about 3 kW heating power, cooling capacity of 5 kW where average power 
generation of the PV system was found to be 10 MWh/year. The electrical and thermal COP of the combined 
dehumidification-cooling system was calculated as 0.73 and 6.75, respectively. With the satisfactory experimental 
results obtained, one can conclude that the proposed system could meet the cooling needs and improve indoor air 
quality for occupants. 
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